Introduction
Mechanical injury of the vessel wall induced by vascular interventions initiates the natural process of wound healing. Unfortunately, this excessive repair process often culminates in neointima formation. Thrombogenic vessel wall components are exposed due to damage to the endothelium, resulting in blood platelet activation with subsequent mural thrombus formation and the induction of a local inflammatory response. Myocytes and activated blood platelets release a number of peptide growth factors, adhesion molecules and other cytokines. Finally, vascular smooth muscle cell (VSMC) proliferation and migration with subsequent extracellular matrix deposition are the critical factors in the development of intimal hyperplasia. The newly formed structure composed of cells and fibers may lead to artery restenosis, which is the reason for the recurrence of disease symptoms and may be an indication for a secondary vascular intervention [1] [2] [3] [4] .
The vascular endothelial growth factor (VEGF) family has been the subject of extensive research in vascular biology for decades. VEGF is the key factor of vascular network formation under both physiological and pathological conditions. It acts mainly on endothelial cells as well as inflammatory cells and VSMC. VEGF is reported to induce cell proliferation and migration, and enhance vascular permeability. Moreover, it stimulates cells to increased extracellular matrix metabolism [5] [6] [7] .
Since intimal hyperplasia relates to the alteration of endothelial function, inflammatory responses, and the migration and proliferation of smooth muscle cells, it can be assumed that VEGF may be involved in this process. However, the role of VEGF in neointima development remains controversial. Results of previous research vary depending on the applied research models. Moreover, animal models do not accurately reflect the human process of neointima formation [8] [9] [10] [11] [12] [13] . Therefore, in our study we assessed the expression of VEGF-A and its receptors VEGFR-1 (flt-1) and VEGFR-2 (KDR) in human neointima formed within vascular anastomoses.
Material and Methods
The investigation protocol was approved by the Committee for Ethics and Supervision on Human and Animal Research of the Medical University of Białystok. All of the patients signed informed consent to being included in the study.
Tissue Material
The studied material comprised neointima specimens collected during secondary surgical vascular interventions. These were harvested from 12 patients (age range 50-60 years) with chronic limb ischemia who developed vascular graft occlusion at 16-18 months after the initial surgical treatment. At primary intervention all patients were stage 3 according to the Rutherford classification and presented type D aortoiliac lesions according the TASC II classification. The following surgical procedures were performed: aortobifemoral bypass in 3 patient, aortofemoral bypass in 4 patients and iliofemoral bypass in 5 patients. Outflow in all patients was preserved to deep femoral arteries. In the postoperative follow-up standard therapy was administered with 75 mg of ASA daily and 20 mg of simvastatin daily. All subjects stopped statins therapy for up to 6 months after the primary procedure. The patients who qualified for secondary interventions were at stage 4 according to the Rutherford classification. During surgical treatment vascular anastomosis was incised and graft thrombectomy was performed. After thrombus removal the glossy white tissue layer covering the inner anastomosis surface was carefully dissected and collected. Distal anastomosis was reconstructed with patch repair of the deep femoral artery in 7 patients and femoropopliteal bypass in 5 patients. The control material consisted of segments of common femoral arteries without visible macroscopic lesions collected from 12 age-matched organ donors. All collected samples were washed with a 0.9% NaCl solution, weighed, aliquoted and stored at -70 ° C. There was no difference in the history of hypertension and diabetes mellitus, as well as pharmacotherapy with ACE and β-blockers between the studied groups. The operations were carried out in the Department of Vascular Surgery and Transplantation at the Medical University of Białystok.
Content Evaluation of VEGF-A, VEGFR-1 and VEGFR-2
The harvested tissue samples were cut into pieces, suspended in 0.05 M Tris-HCl buffer (pH = 7.6) in a 1: 3 (w/v) ratio, homogenized with a knife homogenizer (25,000 rpm for 45 s at 4 ° C) and then sonicated (20 kHz, 4 × 15 s at 4 ° C). After centrifugation (10,000 g for 15 min at 4 ° C) the protein content was determined according to the Bradford method in the obtained supernatants [14] 
Evaluation of VEGF-A, VEGFR-1 and VEGFR-2 mRNA Expression
A total of 50 mg of harvested tissue was pulverized after immersion in liquid nitrogen. RNA was isolated with AxyPrep Multisource Total RNA Miniprep Kit (catalog No. AP-MN-MS-RNA-50; Axygen Bioscience, Union City, Calif., USA). The total RNA content was determined by measuring the absorbance at 260 nm in a spectrophotometer. The quality of isolated RNA was checked with a UV transilluminator after staining with ethidium bromide.
A total of 1 μg of RNA was reverse-transcribed with the use of RevertAid TM First Strand cDNA Synthesis Kit (catalog No. K1622; Fermentas, Vilnius, Lithuania) and oligo(dT) 18 primers. The cDNA was then amplified using polymerase chain reaction (PCR) carried out under standard conditions [15, 16] . The primers used for human VEGF-A (sense 5 ′ -TCTTGGGTGCATTGGAGCC-TC-3 ′ , antisense 5 ′ -AGCTCATCTCTCCTATGTGC-3 ′ ) were designed to detect all isoforms of VEGF-A, yielding a product of 349 bp. Human VEGFR-1 primers (sense 5 ′ -ATGGCTCCCGA-AT CTATCTTTGAC-3 ′ , antisense 5 ′ -GCCCCGACTCCTTACT-TTTACTGG-3 ′ ) and VEGFR-2 primers (sense 5 ′ -CTGGCGGC-ACGAAATATCCTCTTA-3 ′ , antisense 5 ′ -GGGCACCATTCC-ACCAAAAGAT-3 ′ ) amplified fragments of 655 and 777 bp, respectively. The primers used for VEGFR recognize the transmembrane full-length forms of receptors. Glyceraldehyde phosphate dehydrogenase (GAPDH) primers (sense 5 ′ -AAATTG-AGCCCGCAGCCTCCC-3 ′ , antisense 5 ′ -GGTGACCAGGCG-CCCAATACG-3 ′ ) yielded a fragment of 159 bp.
Aliquots of 10 μl of each amplification reaction were analyzed by electrophoresis in 2% agarose gel in the presence of 0.5 μg/ml VEGF and Neointima 49 of ethidium bromide. DNA was visualized under UV light. Contamination was routinely checked by an RT-PCR assay of RNA template-free samples (water control). The RT-PCR reaction products that were separated by agarose gel electrophoresis were photographed, scanned and analyzed using QuantityOne software (Bio-Rad, Hercules, Calif., USA). The optical density of the VEGF-A, VEGFR-1 and VEGFR-2 bands was normalized to the corresponding GAPDH band. The gene expression ratios were normalized to 100% in normal aorta, whereas in neointima they were expressed relative to normal vessels.
Statistical Analysis
Statistical analysis of the obtained results was carried out by one-way analysis of variance followed by Tukey's test. The normal distribution of the obtained results was confirmed by a Kolmogorov-Smirnov one-sample test of normality, as well as the descriptive exploration and analysis of skewness. For all tests, a p value <0.05 was considered statistically significant. Mean values ± standard deviations (SD) are presented.
Results
The expression of VEGF-A, VEGFR-1 and VEGFR-2 mRNA was demonstrated both in normal arteries and neointima ( fig. 1 a) . The densitometric analysis is presented in figure 1 b. A significantly increased (p < 0.05) VEGF-A mRNA expression was found in neointima (273.32%) when compared with normal arteries (100%). VEGFR-2 mRNA expression was significantly increased in neointima in comparison to control samples (306.2 vs. 100%; p < 0.05). However, no difference (p > 0.05) in VEGFR-1 mRNA expression was found between the neointima and the control samples.
Total VEGF-A content in the normal artery wall and neointima is shown in figure 2 . It was significantly (p < 0.05) increased in the neointima (0.50 ± 0.14 ng/g of tis- The optical density of VEGF-A, VEGFR-1 and VEGFR-2 bands was normalized to its corresponding GAPDH band. The gene expression ratios in normal aorta were normalized to 100%, and those in neointima were expressed relatively to normal aorta. Mean values ± SD are presented (n = 12). * p < 0.05, normal aorta versus neointima. sue) when compared with the normal arteries (0.24 ± 0.10 ng/g of tissue). The content of VEGFR-1 in the analyzed tissues is presented in figure 3 . There were no significant differences (p > 0.05) in the VEGFR-1 content in neointima (0.81 ± 0.30 ng/g of tissue) in comparison with the normal artery wall (0.74 ± 0.24 ng/g of tissue).
The content of VEGFR-2 in the analyzed tissues is presented in figure 4 . A higher content of VEGFR-2 was shown in neointima (8.24 ± 1.98 ng/g of tissue) compared to control samples (3.95 ± 1.53 ng/g of tissue). These differences were statistically significant (p < 0.05).
Discussion
Mechanical damage of endothelium induces many cellular and molecular mechanisms within the vascular lumen and wall. Vascular homeostasis disturbances are followed by smooth muscle cell proliferation and migration. These proliferative and migratory events may extend beyond the normal healing process and result in neointimal hyperplasia [1] [2] [3] [4] .
The potential role of VEGF in cardiovascular diseases, including the atherosclerotic process, has been evaluated in numerous studies. Most of them reported increased VEGF expression in response to vascular injury [17, 18] .
The present study shows VEGF-A presence in human neointima collected from patients who developed vascular graft thrombosis due to distal anastomosis stenosis or occlusion. An increase in VEGF-A mRNA expression has been observed in neointima compared to a normal artery. The difference was also demonstrated at the protein level. These results suggest a possible role of VEGF in the development and remodeling of neointima in humans.
Based on numerous animal studies, two opposite mechanisms of VEGF activity in the damaged arterial wall have been shown. On the one hand, VEGF accelerates endothelium regeneration due to its ability to promote endothelial cell migration and proliferation [8, 9] . A significant increase in VEGF expression has been shown 48 h after the artery injury [19] . Moreover, endothelium regeneration stimulated by VEGF resulted in a significant decrease in neointima formation [20] [21] [22] . That was confirmed by therapeutic application of VEGF gene transfer to reduce neointimal hyperplasia induced by endothelial denudation [23] [24] [25] .
On the other hand, many reports suggest that VEGF supports the process of neointima formation [10] [11] [12] . This discrepancy may result from different experimental procedures. The extent of vascular injury may also be of some importance. In a relatively moderate injury, the predominant target of VEGF seems to be endothelial cells, and VEGF might preferentially act on these cells to enhance reendothelialization and consequently inhibit neointima formation. In a severe injury, however, medial smooth muscle cells are disclosed and remain prone to VEGF influence.
Furthermore, exogenous VEGF stimulates neointima formation under experimental conditions. It should be emphasized that the amount of endogenous VEGF is increased in hypercholesterolemia, which is a risk factor of atherosclerosis. The reason for this is the low-density lipoprotein fraction, which enhances VEGF synthesis by VSMC and macrophages [26, 27] . It cannot be excluded that VEGF can stimulate intimal hyperplasia even after complete reendothelialization.
In animal models, the increased expression of VEGF was present a few weeks after stenting, while reendothelialization was complete within 2 weeks [10] . Our results also demonstrated an increased expression and content of VEGF in mature neointima, taken at least 6 months after the initial surgery of bypass grafting. It should be noted that the time course of reendothelialization and neointimal growth varies between different animal species and humans. In animal models, peak neointimal growth is observed at 28 days following a surgical intervention, whereas in humans it is identified after between 6 and 12 months [1] . Thus, it can be assumed from our findings that VEGF participates not only in the neointima development, but also in the further stages of its remodeling.
The migration of smooth muscle cells towards the vessel lumen is the key step in neointima formation. These cells then proliferate and synthesize a number of cytokines and extracellular matrix components, which culminate in neointimal hyperplasia. It has also been observed that in vitro VSMC migration increases in response to VEGF [28, 29] .
The consequences of VEGF gene transfer may be dependent on the applied method and do not always manifest in neointimal attenuation. It is known that the introduced VEGF gene may increase VSMC migration and proliferation accompanied by a rise in the synthesis and secretion of extracellular matrix metalloproteinases (MMP-2 and MMP-9) [12] . Wang and Keiser [30] by facilitate the motility of these cells. Previous studies have confirmed the expression of VEGFR-1 and VEGFR -2 in VSMC [28, 29] . Our study has shown no differences in the expression of VEGFR-1 in neointima and normal artery, with its content remaining at a similar level in both. In contrast, we observed a significantly higher expression and concentration of VEGFR-2 in neointima compared to the control samples. Therefore, one may speculate that the receptor mainly involved in the pathogenesis of neointima remodeling in humans is VEGFR-2. This is confirmed by previous studies showing that VEGFR-2 activation induces cell migration, while VEGFR-1 activation does not provide such a response [7, 28, 29] . This can be explained by the fact that the activation of solely VEG-FR-2 upregulates the MAP kinase expression [31] , which may result in mitogenic activity of cells. Other studies have found that proliferating and migrating endothelial cells express a high level of VEGFR-1 (flt-1). However, VEGF infusion failed to induce a proliferative response in these cells. At sites of flt-1 expression, only increased vascular permeability was seen [32] .
The proliferative and migratory state of VSMCs is stimulated by inflammation directly after implantation of the vascular prosthesis. Activated VSMCs promote monocyte migration to the site of vascular injury which in turn sustains VSMC proliferation by chemokine production. Thus, the role of monocytes and macrophages in an inflammatory cascade creates a milieu for neointima formation. It has been demonstrated that monocyte chemotaxis in response to VEGF is mediated by the flt-1 receptor [33] . However, an absence of acute and chronic inflammation was reported in neointimal specimens at 6 months [34] . Consequently, we cannot exclude a different VEGFR-1 expression in the early steps of neointima formation, although we did not demonstrate any significant difference in VEGFR-1 in specimens obtained at 6-18 months after the primary operation.
VEGF-induced monocyte accumulation at the site of injury via flt-1 has long been considered a prerequisite in neointimal formation [13] . The studies demonstrating that VSMC stimulation by VEGF via VEGFR-2 results in the expression of monocyte chemoattractant protein-1 (MCP-1) have provided crucial information to this process of understanding [35, 36] . Secreted MCP-1 may then induce inflammatory cell accumulation. VEGFR-2 blockage resulted in the suppression of neointima formation, following the reduced MCP-1 expression in the VSMC and monocyte chemotaxis inhibition. This also resulted in impaired VSMC proliferation and blockage of perivascular neovascularization. Thus, the entire process of neointimal formation regulated by VEGF appears to be independent of VEGFR-1 signaling. Some scientific reports indicate that most angiogenic signals induced by VEGF-A also require activation of VEGFR-2 [31, 37] . In research conducted by Koga et al. [35] , it was observed that blockage of VEGFR-2 inhibits neovascularization and, consequently, limits neointimal hyperplasia. Thus, elevated levels of VEGF-A and its receptor VEGFR-2 may also be an important factor for microvessel formation in neointima. Immunohistochemical analysis of human restenosis at different time points after stenting revealed that vessel wall thickening is accompanied, inter alia, by VEGF-A expression and extensive neovascularization [38] . Similar observations were also made in atherosclerosis. The more advanced the atherosclerotic lesion is, the more developed the intimal blood microvessel network becomes, and the greater the number of VEGF-positive cells are found [39, 40] . It can be assumed that the newly formed microvessels could support the growth of pathological tissue, improving the delivery of proinflammatory factors, growth factors and nutrients. It has also been shown that the density of blood vessels within the neointima affects its size and the congestion of inflammatory cells [41, 42] .
